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ABSTRACT 
Mg alloys are attractive materials for medical devices. The main limitation is that they are 
prone to corrosion. A low toxicity surface coating that enables uniform, controlled corrosion 
at a desired rate (this usually means it must offer barrier functions for a limited time period) is 
desirable. Phosphate-based ionic liquids (ILs) are known to induce a coating that can reduce 
the corrosion rate of Mg alloys, Furthermore, some ILs are known to be biocompatible and 
therefore, controlling the corrosion behaviour of an Mg alloy and its surface biocompatibility 
can be achieved through adding an appropriate low toxic IL surface layer to the substrate. In 
this study, we have evaluated the cytotoxicity of three phosphate-based ILs to primary human 
coronary artery endothelial cells. Among them, tributyl(methyl)-phosphonium 
diphenylphosphate (P1,4,4,4dpp) shows the lowest cytotoxicity. Therefore, further work was 
aimed at developing an appropriate treatment method to produce a homogeneous and passive 
surface coating based on P1,4,4,4dpp IL, with the focus on investigating the effect of treatment 
time. The results showed that that the formation of IL coating on AZ31 has proceeded 
progressively, and treatment time plays an important role. An IL treatment at 100°C with an 
extended treatment time of 5 hours significantly enhanced corrosion resistance of the AZ31 
alloy in simulated body fluid. Additionally, the corrosion morphology was uniform and there 
was no evidence of “localized pitting corrosion” observed.  Such a performance makes this 
ionic liquid coating as a potential surface coating biodegradable Mg-based implants. 
KEYWORDS 
Biodegradable magnesium implants, Surface coating, Ionic liquid, SECM, Flow 
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1. INTRODUCTION 
In recent years, the study of degradable biomaterials has been at the forefront of biomaterials 
research. Magnesium (Mg) alloys are of interest as candidates for biodegradable devices (e.g. 
biodegradable coronary artery stents), because of (1) their well-known biocompatibility: Mg 
is one of the most abundant elements naturally present in the human body; (2) the fast 
degradability of Mg alloys in the human body; (3) their excellent mechanical properties: the 
density and Young’s Modulus (ρ = 1.74 g/cm2, E = 45 GPa) are similar to these of natural 
bones (ρ = 1.75 g/cm2, E = 40-57 GPa), and their strength can be up to 330 Mpa, which is 
sufficient to maintain the opening of a diseased artery.[1, 2] 
However, there are only a few commercially available Mg alloy based devices in the market. 
A major limitation with respect to the clinical application of Mg alloys is the fact that 
corrosion is too rapid in the body, leading to the generation of hydrogen bubbles and a 
localized pH increase that may damage the surrounding tissues.[3] Additionally, the Mg 
alloys have a strong tendency for localized corrosion.[3, 4] This localized corrosion can lead 
to the early loss of mechanical integrity, and thus premature failure before the implant can 
achieve its purpose.[3] Another concern is the interactions between the interface of the 
implant and the host tissue. For example in the case of stent implants used for heart conditions, 
in-stent restenosis and thrombosis could occur due to the clot formation (i.e. accumulation of 
proteins from the blood) and cell proliferation on a stent surface.[5, 6] 
One method for overcoming this issue has been the use of corrosion protective and low 
toxicity surface coatings, which can (1) offer barrier functions for a limited time period and 
lead to uniform corrosion as opposed to localised pitting, and (2) increase the biocompatibility 
of the Mg alloy.  Popular techniques for the development of corrosion resistive and 
biocompatible surface coatings for Mg and Mg alloys have been previously reviewed.[7-10] 
Although some promising techniques related to this field have been studied in recent years, in 
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many cases satisfactory solutions still do not exist, and thus no commercial coatings are 
available in the biomedical devices sector. Further in-depth research is still needed to develop 
better, simpler and cheaper coatings for Mg and its alloys.  
In recent years, ionic liquids (ILs) as low melting organic salts have shown attractive 
properties that are favourable when designing surface coatings for Mg alloys. They have a 
high concentration of reactive species, and can be highly stable.  ILs with anions such as 
(bis(trifluoromethylsulfonyl)imide (NTf2
-
)[2, 11] and diphenylphosphate (dpp
-
)[12, 13], have 
been shown to form a surface film on a range of Mg alloys. These anions play an important 
role in the formation of a protective film.  
As well as this, the use of ILs has opened up opportunities in life science. For example, ILs 
act as protein-stabilizing agents,[14] and can be solvents for enzymes.[15] In addition, ILs 
have been highlighted for their potential use as pharmaceuticals[16] and antimicrobials.[17] 
On the other hand, it has been suggested that ILs with at least one long hydrogen lipophilic 
substituent on the cation, (making the ILs relatively hydrophobic), can disrupt the membrane 
of bacterial cells, and cause the death of the cells.[17] Inspired by these prior works, it would 
appear that control over the corrosion performance coupled with surface biocompatibility of 
an Mg alloy implant may be achieved through control of IL chemistry and IL treatment 
processes. 
Phosphate-based ILs are an attractive family for biodegradable Mg alloy devices, due to the 
reactivity of phosphate with Mg alloys, the absence of toxic atoms (e.g. fluorine in NTf2[18, 
19]) in the anion atoms, and the attractive prospect of a range of inexpensive ILs. Recent 
works have shown that these ILs can react with Mg and Mg alloys to form surface films, 
which reduce corrosion in high humidity and chloride containing environments to some 
extent.[12, 13, 20] However, it is challenging to form uniform and homogeneous surface 
films due to the complex morphology and microstructure of Mg alloy systems, and the 
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protective nature of formed IL films on Mg alloys can be variable. To date an optimum IL 
treatment method for Mg alloys has not been developed despite promising preliminary 
work.[2, 11-13, 20, 21] 
The interaction mechanism between phosphonium IL and Mg alloy surface has been 
investigated; during the IL treatment process, the phosphonium containing anion would 
undergo chemical reaction with the O-H groups on the Mg surface to form metal ester [Mg-
O-PO2
-
] and release H2O molecules.[2, 12] In addition, we have previously[13] proposed that 
increasing the treatment temperature results in a thicker IL film on the surface, and explained 
this as due to the rate of chemical reactions/depositions being accelerated by a higher 
treatment temperature, which leads to more IL reaction products deposited on the surface. 
Building upon these studies, it is assumed that a more homogeneous IL surface film could be 
possibly achieved by either accelerating the chemical reaction rate or prolonging the reaction 
time.  
Preliminary studies into the cytotoxicity of the phosphonium containing ILs 
(trihexyl(tetradecyl)phosphonium diphenylphosphate (P6.6.6.14dpp), 
trihexyl(tetradecyl)phosphonium bis(2,4,4-trimethyl-pentyl)phosphinate ([P6.6.614][(
i
C8)2PO2]), 
tributyl(methyl)phosphonium diphenyphosphate (P1,4,4,4dpp)) have been carried out.[22] 
However, in that study, stainless steel (SS) was chosen as the testing substrate. The SS 
substrates were treated with ILs, and then immersed in the cell culture media containing 
coronary artery cells for cytotoxicity tests. This approach has significant shortcomings; since 
SS is relatively inert and therefore there was an unknown amount of IL reacting (or simply 
adsorbing) on this substrate. With these considerations, further cytotoxicity test is considered 
necessary in order to examine the biocompatibility of these ILs.   
In this work, a new approach to examine the toxicity of these three phosphonium-based ILs is 
performed by adding ILs directly to the cell culture. In addition, this work attempts to 
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investigate an optimum IL treatment method, where emphasis is placed on investigating effect 
of treatment time at an elevated treatment temperature. An electrochemical impedance 
spectroscopy (EIS) technique using a pipette cell setup is used for the in-situ evolution of the 
IL coating formation process on Mg alloy AZ31. Comprehensive surface characterizations are 
carried out to get insight into the formation process on the alloy surface. The corrosion 
performances of the samples are assessed by the combination of electrochemical tests, 
immersion tests and scanning electrochemical microscopy (SECM). In addition, considering 
Mg alloys are possible candidates for use as stents in a human coronary artery where the 
environment is constantly flowing, the corrosion performance of the IL coating is further 
evaluated under flowing conditions.  
2. Material and methods 
2.1. Materials. 
The AZ31 alloy used in this study was cut from a direct strip cast ingot. The surface area of 
the samples was 5mm x 5mm. They were ground with SiC paper to a 4000-mesh finish under 
running distilled water, and subsequently dried with nitrogen gas. Before each test, the sample 
was put into a vacuum desiccator for 1 hour to stabilize the native passive MgO/Mg(OH)2 
film.  
Three ILs were of interest in this work. These ILs were trihexyl(tetradecyl)phosphonium 
diphenylphosphate (P6,6,6,14dpp), trihexyl(tetradecyl)phosphonium bis(2,4,4-trimethyl-
pentyl)phosphinate ([P6,6,6,14][(
i
C8)2PO2]), and tributyl(methyl)phosphonium 
diphenyphosphate (P1,4,4,4dpp). The chemical structures of these ILs are shown in Figure 1. 
The P6,6,6,14dpp and P1,4,4,4dpp were synthesized in house, starting from 
trihexyl(tetradecyl)phosphonium chloride (P6,6,6,14Cl) (Cytec Ltd) and diphenylphosphoric 
acid (Aldrich, Australia). The P1,4,4,4dpp was synthesized by the reaction of  
tributhyl(methyl)phosphonium methylcarbonate (CYPHOS®IL 340) with diphenyl 
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phosphoric acid (Aldrich, Australia). The [P6.6.6,14][(
i
C8)2PO2] with purity of ≥ 95%, was 
purchased from Sigma-Aldrich.  
The ILs were purified before use. Purification was performed by first dissolving them in high 
purity liquid chromatography (HPLC) grade acetone and adding activated charcoal before 
passing them through a column containing a filter agent (fine SiO2), and basic activated 
alumina to remove the impurities. The solution was then passed through filter paper and a 
syringe filter. Excess acetone and water were evaporated using a rotary evaporator and a 
vacuum line. The water content of the ILs after purification was 500 – 1000 ppm (measured 
using a Model 756 Karl Fischer Coulometer (Metrohm)). 
A Simulated Body Fluid (SBF) was used as the corrosion test solution due to its similar ionic 
composition to that of human blood plasma. It contains 103 mM Cl
-
, 147 mM Na
+
, 2.6 mM 
Ca
2+
, 1.5 mM Mg
2+
, 5 mM K
+
, 6 mM HCO3
-
, 0.5 mM SO4
2-
, and 1 mM HPO4
2-
. The pH of 
the SBF was 7.4, which was maintained with HEPES buffer (2-[4-(2-hydroxyethyl)-1-
piperazin-1-yl] ethanesulfonic acid (Ajax Finechem) at a concentration of 17.892 g/L. 
2.2. Cytotoxicity Tests.  
The cytotoxicity of the ILs was determined using a primary human coronary artery 
endothelial cell (HCAEC) line. Cells were obtained from Lonza (Australia) and maintained in 
growth medium containing SingleQuot supplements (Lonza, Australia). The cells were added 
to a 12 well testing plate at a density of 1.5 x 10
4
 cells/cm
2
. The ILs were added to the cell 
culture medium at different concentrations (200 mM, 50 mM, 10 mM, 5 mM, 1 mM, 0.1 mM, 
10 μM, 1 μM, 0.1 μM, 0.01 μM). After 72 hours culture on the plates, the numbers of 
adherent cells were quantified. HCAEC cells grown in standard cell culture medium were 
used as the control.  
2.3. In Situ Electrochemical Impedance Spectroscopy (EIS) Tests using Pipette Cell.  
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A pipette cell was used to conduct in situ measurements of the IL film formation on the 
surface of AZ31 at 100°C.[21] With this setup, the pipette was clamped onto the sample 
surface; a small amount of IL (approximately 0.3 mL) was added into the pipette to cover the 
surface. A heat-shrink-wrapped platinum (Pt) wire was used as the pseudo-reference electrode, 
and titanium mesh was counter electrode.  
EIS spectra were acquired at 30-minute intervals for 24 hours, over a frequency range of 500 
kHz to 100 mHz, with eight points per decade and a 25 mV amplitude perturbation, using an 
Bio-logical VP 3/Z multi-channel potentiostat. Caution was taken to keep the distance the 
same between the reference and working electrodes, in order to keep the solution resistance 
consistent between tests. 
2.4. Attenuated Total Reflectance Sampling used with Fourier Transform Infrared 
Spectroscopy (ATR-FTIR). 
ATR-FTIR was performed on a Varian 3100 Excalibur Series Spectrometer using Varian 
Resolutions Pro Version 4.1 software. Scans (at 10 kHz with a resolution of 4 cm
-1
 and a 
sensitivity of 8) were made on pure IL P1,4,4,4dpp  and selected IL treated samples for 
comparison.  
2.5 Raman Spectral Mapping. 
Raman spectral mapping was acquired using a Renishaw Raman Spectrophotometer. The 
maps were taken from the surfaces of AZ31s after 1 hour and 5 hours IL treatment at 100°C, 
over a sample size of approximately 100 μm x 150 μm. Maps were generated at chosen 
Raman shifts (~ 1076 cm
-1
).  
2.6 Focused Ion Beam Scanning Electron Microscopy (FIB-SEM). 
The cross-section of the IL film was characterized using a FEI Quanta 3D FIB-SEM 
instrument. Gallium ions were used to section the surface with a 5 nA current, and to clean 
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the edge of the cross section with 3 nA and 1 nA currents. A platinum layer was deposited 
onto the surface prior to the milling to protect the edge of the milled section. The cross-
section was then imaged using secondary electron SEM at an accelerating voltage of 5 kV.  
The sample was acid pickled AZ31 with 1 hour IL treatment at 100°C. The acid pickled 
treatment was achieved by immersion of the alloy sample in 80 mL/L HNO3 for 1 minutes at 
room temperature.  
2.7 Scanning Electrochemical Microscopy (SECM). 
Scanning electrochemical microscopy (SECM) was performed using a CH instruments model 
920D SECM, utilizing CHI integrated software Version 12.26. Pt disk ultra-micro-electrode 
(UME) with a 10 μm diameter (purchased from CH instruments Inc.) was used as working 
electrodes, Pt mesh was used as counter electrode, and Ag/AgCl was the reference electrode.  
SECM maps were carried out using Surface Generation/Tip Collection (SG/TC) mode (or 
Hydrogen Evolution (HE) mode). In this mode, UME potential was biased at 0.0 V (Ag/AgCl) 
to electro-oxidize H2 thus detecting the H2 flux from the surface of Mg during corrosion 
process.  
2.8 Corrosion Tests in Static SBF. 
2.8.1 Electrochemical impedance spectroscopy (EIS) tests. 
EIS measurements were performed in a modified plastic three-electrode cell containing 150 
mL of SBF, with saturated calomel reference (SCE) electrode and titanium mesh counter 
electrode. Data were taken at 10-min intervals for approximately 2.5 hours over a frequency 
range of 50 kHz to 50 mHz with 8 points per decade, using a 10 mV AC amplitude 
perturbation. 
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The EIS measurements were performed using a Bio-logic VMP 3/Z, and repeated in triplicate 
to indicate the reproducibility of results. The Z-fit program in EC-Lab software was used to fit 
an equivalent circuit to the EIS spectra 
2.8.2 Immersion tests. 
As polished and IL treated AZ31 samples were immersed into 100 mL SBF at 37°C for 2 
hours. All immersion tests were performed in triplicate. After testing, the corrosion 
morphologies of the samples were examined using a Philips XL20 Scanning Electron 
Microscopy (SEM), with an accelerating voltage of 10 KeV. 
The corrosion products were removed by immersion for 2 mins in a solution containing 200 g 
chromium trioxide, 10 g silver nitrate and 20 g barium nitrate in 1 L of distilled water at room 
temperature. After the removal of corrosion products, the surfaces were analysed using a 
Veeco Contour GT-K1 Optical Profilometry (OP), which counted the pit numbers at each pit 
depth over a 937.5 μm x 1250 μm area. Four or more points on each sample were examined, 
and the pit numbers and pit depths were expressed as mean ± standard deviation (SD). 
2.9 Potentiodynamic polarization (PP) tests in flowing SBF. 
Tests in “ flowing” conditions were performed in a customized flow cell, which has been 
described in detail in Zhang et al.[23] The volume of solution used for each test was 100 mL, 
which constantly flushed over the surface of the sample. The flow condition expressed as the 
shear stress applied on the surface of sample was with a shear stress of 0.88 Pa, which is 
similar to those in human blood vessel.[24] 
PP tests were performed after recording the open circuit potential for 24 hours, at a scan rate 
of 1 mV/s, sweeping from -100 mV vs. Eocv to 500 mV vs. Eocv. Ecorr and icorr values were 
obtained by Tafel extrapolation of the PP curves. At least 3 measurements were obtained per 
test, which were used to determine the mean value ± standard deviation (SD). 
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3. RESULTS AND DISCUSSION 
3.1 Cytotoxicity of ILs. 
Figure 2 compares the HCAEC cell viability after 72 hours culture with several concentration 
of various ILs. The results indicate that P1,4,4,4dpp did not show significant cytotoxicity to 
HCAEC cells (at the concentration lower than 1 mM). While P6,6,6,14dpp appeared to be toxic 
to HCAEC cells even at 1,000 times lower concentration (1 µM). From Figure 2, the toxicity 
level of the three ILs are ranked as follows: P1,4,4,4dpp (least toxic) > [P6,6,6,14][(
i
C8)2PO2] > 
P6,6,6,14dpp (most toxic). The difference is believed to be related to the fact that P6,6,6,14dpp is 
more lipophilic/hydrophobic than P1,4,4,4dpp and [P6,6,6,14][(
i
C8)2PO2], and the lipophilic 
interaction between P6,6,6,14dpp  and HCAEC cell membrane would lead to the disruption of 
the membrane of cells, and thus the death of cells.[15, 25, 26] Based on this result, P1,4,4,4dpp 
appears to be the most promising candidate of the three, with the lowest impact on coronary 
artery cells in the human body. Therefore, further investigations in this study were focused on 
this P1,4,4,4dpp IL for the protective surface coating application on AZ31. 
3.2 Evaluation of IL Film Growth at 100°C using A Pipette Cell via EIS.  
To investigate the evolution of the surface coating when AZ31 was treated in the P1,4,4,4dpp IL 
over a 24 hours period, the EIS data was recorded at 30-min intervals using the pipette cell 
setup. Figure 3 (a) is the typical Nyquist plot of the EIS data obtained. There is only one arc 
observed in all spectra; this arc is believed to correspond to the surface coating. In these 
spectra, both real (Z) and imaginary (Z’) parts of impedance were increasing with treatment 
time. Moreover, it seems that the film impedance increased quickly at the beginning of 
treatment, and then stabilized as time continued.  
To quantify the evaluation of the surface film, a simplified Randle’s circuit (Figure 3b) was 
used to fit these spectra.[12] In this equivalent circuit, Rs is the solution resistance of the IL 
between the reference electrode and the working electrode in the pipette cell; Qf is a constant 
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phase element (Qf) representing the film capacitance in parallel with a surface film resistance 
(Rf). This equivalent circuit provided a good fit to the experimental data with χ
2
 ≈ 7 e-3. 
Figure 3(c) plots the surface film resistance obtained from fitting the Randle circuit as a 
function of immersion time throughout the 24 hours of IL treatment. The surface film 
resistance increased rapidly in the first 5 hours of treatment, and then reached a plateau. This 
increase reflected the growth of the IL film on AZ31 surface over time. Thus, it can be 
concluded that the optimum film resistance to provide the optimized corrosion control is 
achieved after 5 hours treatment at 100°C. Prolonging the treatment will not significantly 
increase the resistance of the formed IL surface film, and thus should not change the corrosion 
protection properties of the film.  
3.3 Film Characterization. 
FTIR analysis was carried out to determine the differences in the absorbance spectra of IL 
treated samples with different treatment times (Figure 4).  A significant feature of difference 
between the FTIR spectra for an IL-treated AZ31 surface and for the pure IL is observed. A 
new peak at ~ 1076 cm
-1
 was evident in the spectrum of the IL treated substrate compared 
with that of the pure IL. The presence of this peak on the IL treated AZ31 surface is an 
indicator for the existence of IL film on the surface, which suggests the formation of a metal 
ester [Mg–O-PO2]
-
 between the IL film and the metal substrate.[13] The FTIR spectra from 
the IL-treated AZ31 surfaces as a function of treatment time are also compared in Fig. 4. The 
intensity of the peak corresponding to the [Mg-O-PO2-] ester group increased with increasing 
treatment time, indicating that there was an increase in the extent of IL film formation with 
the longer treatment. The FTIR data suggest that more extensive IL surface film was formed 
with the longer IL treatment time, which response to the EIS analysis (Figure 3). 
The presence of the peak at ~ 1076 cm
-1
 was also observed in the Raman spectroscopy of IL 
treated AZ31 surfaces.  To further compare the distribution of the IL coatings on AZ31 after 
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different IL treatment times and to gain insight into the IL coating formation process, Raman 
spectral mapping based on ~ 1076 cm
-1 
band (which corresponds to the ester group) was taken 
on the surface of AZ31 samples after 1 hour and 5 hours IL treatment, and the obtained raman 
spectral maps are shown in Figure 5. As shown in Figure 5, the distribution of this chemical 
species on the surface after 1 hour IL treatment was almost similar to the grain boundary 
structure of AZ31. There was a greater concentration of this species in the regions around 
grain boundaries. Compared to the surface after 1 hour treatment, the 5 hours of IL treated 
alloy appeared to have a higher concentration of ester groups on its surface. A significant 
amount of ester groups were not only distributed around the grain boundaries but also over 
the entire grains.  
To further understand the influence of alloy microstructure on the formation of IL surface 
film the AZ31 was acid pickled in HNO3 for 1 minute to protrude its microstructure before 
the IL treatment. Figure 6 shows the FIB-SEM observation of the cross-section of the IL film 
formed after 1 hour IL treatment. The bright area in this figure is Pt deposition, and the IL 
film corresponds to the dark area between Pt deposition and Mg substrate. This figure shows 
evidence of the preferential deposition of the IL coating adjacent to intermetallic particles 
(which are mostly deposited along the grain boundaries). There was a non-uniform deposition 
of the IL film on the surface, with significantly thicker film formation around intermetallic 
particles, compared to that on the Mg matrix.  
3.4 In Vitro Corrosion Properties of IL Treated Surfaces in Static SBF. 
EIS was also used to compare the corrosion behaviour. The spectra were taken at 10-min 
intervals for 2.5 hours during exposure of treated samples to the SBF solution. Figure 7 (a) 
shows a typical evolution of Nyquist impedance spectra as a function of exposure time for 
AZ31 treated with IL for 5 hours. In these spectra, there are two semi-circles. The high 
frequency (HF) semicircles (to the left of the figure) were due to the surface film, and the low 
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frequency (LF) semicircles were due to the double layer capacitance.[13, 22] Both HF and LF 
semicircles increased in size with immersion time. This increase is due to a gradual build-up 
of calcium apatite-like corrosion products on the surface, which results in an increase of both 
the surface film resistance and charge transfer resistance.[22] Therefore, the evolution of 
these Nyquist plots can reflect the corrosion process of the sample during immersion in SBF.  
A simplified equivalent circuit (Figure 7(b)) was chosen to fit these EIS spectra, for a 
quantitative comparison of corrosion performance. The circuit consists of an electrolyte 
resistance, Rs, and two RC units in series, representing the surface film (Rf and Qf) and the 
double layer (Rt and Cdl). To study the corrosion behaviour, the surface film resistances were 
extracted by fitting this equivalent circuit to the HF semicircles.  Figure 7 (c) plots the 
variation of the surface film resistances with respect to immersion time for the AZ31s that had 
been treated with IL with different times. Compared with 10 mins and 1 hour IL treated AZ31, 
the 5 hours IL treated AZ31 showed the highest initial surface film resistance (at t = 0 hour) 
and the least increase in surface film resistance with immersion time, suggesting that a longer 
treatment (5 hours) formed a surface film with higher film resistance, which could offer better 
corrosion protection to the Mg substrate in the SBF. It is important to note here that while the 
surface resistance of the other samples continued to increase, this is as a result of corrosion 
products continuing to form and deposit on the surface leading to higher resistances; it does 
not imply improved corrosion resistance.  On the other hand, the plateau reached for the 5 
hours treatment time implies a more uniform and stable surface. This does not mean that the 
corrosion is stopped, but merely that the corrosion rate is more controlled as shown further 
below, which is promising for biodegradable Mg implant application. 
Figure 8 shows the corroded surfaces of samples treated with IL 10 min, 1 and 5 hours, after 
immersion in SBF for 2 hours. On the surfaces of 10 mins and 1 hour IL treated AZ31 
samples, there were numerous white and hemi-spherical caps. We believe these caps were the 
result of localized pitting corrosion.  In comparison, the surface of 5 hours IL treated AZ31 
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was neat, and there were fewer white caps observed. These observations suggest that 5 hours 
IL treated surface was less susceptible to localized pitting corrosion. 
In order to evaluate the corrosion morphology in detail, corrosion products were removed 
from the surfaces and then further examined using optical profilometer. Figure 9 (a) shows 
typical three-dimensional surface observations of these samples. The 10 mins and 1 hour IL 
treated AZ31 surfaces appeared to be heavily attacked by localized pitting corrosion with 
some portions of the surfaces corroded away. After 5 hours IL treatment, the AZ31 surface 
was significantly less corroded. There were only a few shallow pits observed on its surface. 
Figure 9 (b) shows a more quantitative comparison of the corrosion severity by indicating the 
number of pits at each pit depth obtained by OP. This histogram confirms that the longer 
treatment (5 hours) produced a surface with more corrosion resistance. In particular, the 
difference is more evident in pits that were deeper than 10 μm. For example, in the 10-15 μ
m size range, there were ~100 pits/mm2 on the surface of the 5 hours IL treated AZ31 surface, 
which is a significant reduction compared to the 10 mins IL treated AZ31 that had ~400 
pits/mm
2
. From Figure 8 and 9, it is evident that the film produced by the IL treatment for 5 
hours effectively prevented localized deep pitting corrosion, and produced a more uniform 
mode of corrosion attack. 
3.5 Characterization of in situ Corrosion Performance using SG/TC Mode SECM. 
Background 
As known, the corrosion process of AZ31 in aqueous solution generates H2, mainly by 
Reaction 1 (shown below). In SECM SG/TC mode, generated H2 is sensed via an oxidation 
reaction, either by Reactions 2 or 3, depending on the pH of the solution adjacent to the tip of 
SECM.[27] By scanning the H2 evolution from the AZ31 surface, SECM can evaluate the 
sensitivity and reactivity of the sample surface to corrosion. In this work, as corrosion of Mg 
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generates a localized alkaline environment, Reaction 3 dominates the hydrogen consumption 
at the SECM tip at high pH environment. 
Reaction 1: 𝑀𝑔 + 2𝐻2𝑂 =  𝑀𝑔
2+ + 2𝑂𝐻− + 𝐻2 ↑ 
Reaction 2: 𝐻2 = 2𝐻
+ + 2𝑒− 
Reaction 3: 𝐻2 + 2𝑂𝐻
− = 2𝐻2𝑂 +  2𝑒
− 
SG/TC Mode SECM Maps  
Firstly, SECM tests were carried out at the beginning of exposure of AZ31 samples to the 
100-fold diluted SBF. As the concentration of ions in this electrolyte was low, the surfaces 
were considered to have undergone negligible corrosion. The SECM maps obtained in this 
situation can reflect the initial corrosion activities of the surfaces. The tested samples were as 
polished, 1 hour and 5 hours IL treated samples, as shown in Figure 10.  In this figure, the tip 
current values corresponded to the H2 evolution rate from the surfaces. The points showing 
higher tip current values were the areas undergoing greater reduction of water to hydrogen gas, 
and thus there was more severe corrosion occurring in these areas. 
In Figure 10, the SECM map for the as polished AZ31 shows a non-uniform distribution of 
the tip currents over the surface, reflecting non-homogeneous corrosion reactivity occurring 
on the surface of the as polished sample. There was a large region with lower current 
observed at the bottom of the surface, suggesting slower corrosion activity in this area. The 
current density of this top part is almost 5 times more than the bottom part, indicating that this 
area behaves more anodically. With the consideration that the native oxide layer of Mg alloy 
AZ31 (Mg(OH)2/MgO) is not a robust insulating film in Cl
-
 containing aqueous solution, the 
low corrosion reactivity in this region was most likely due to this area being cathodically 
protected  by localized corrosion occurring at other areas of the sample for example the top of 
the sample shown in the figure.  
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By comparison, obvious differences were observed on the IL treated samples. The SECM 
maps of these IL treated samples appeared to be more homogeneous than the as polished 
sample. Thus, IL treatment makes corrosion occurring more uniformly on the surface. In 
addition, it is promising to note that the 5 hours IL treated sample showed an almost 
featureless SECM map, indicating that corrosion occurred uniformly over the entire surface.  
A more realistic study of the corrosion performance of these samples was also conducted 
using SG/TC mode SECM. Figure 11 shows the SECM maps of the surfaces after being 
immersed in SBF solutions for 1 hour. The as polished AZ31 surface showed evidence of 
severe localized pitting corrosion; while the IL treated surfaces (in particular the surface with 
5 hours IL treatment) exhibited a more homogeneous distribution of tip currents across the 
surface, indicating a more uniform corrosion response. Moreover, compared with the as 
polished AZ31, the IL treated surfaces exhibited lower values of tip currents, indicating lower 
corrosion rates on these surfaces in SBF.  
These SECM maps are real-time evidence of lower corrosion rate and more uniform corrosion 
reactivity on the IL treated surfaces, than on the as polished surface.  
3.6 Corrosion Performance of Treated (5 hours in IL) AZ31 in Flowing Conditions. 
It is apparent the AZ31 IL treated for 5 hours has shown promising corrosion protection 
performance in static SBF.  To further investigate if this IL treatment could provide 
continuous effective corrosion protection under hydrodynamic conditions, as polished AZ31 
samples and AZ31 treated with IL for 5 hours were immersed in a flowing SBF for 24 hours. 
PP scans were collected after this time, and are shown in Figure 12.  
As shown in figure 12, the PP curve of IL treated AZ31 showed lower cathodic and anodic 
current densities than that of the as polished AZ31. The PP curve of the IL treated AZ31 also 
showed a large passive (i.e. flat) region in the anodic arm, while the anodic arm of the PP 
curve for as polished AZ31 was much steeper. This observation suggests that the IL treated 
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AZ31 surface was more resistive to the pitting corrosion than the as polished AZ31.  The icorr 
and Ecorr values were calculated by Tafel extrapolation (Table 1).  Corrosion rate, icorr, for IL 
treated sample was decreased by a factor of almost 10 compared with icorr for the as polished 
sample. Overall, it is promising to see that the 5 hours IL treated AZ31 showed much better 
corrosion performance in flowing SBF, as compared to the as polished AZ31. 
3.7 Effect of Treatment Time on the IL Film Formation and Its Corrosion Performance. 
On the basis of the surface characterizations by FTIR, Raman spectral maps and FIB-SEM, it 
is speculated that the formation of P1,4,4,4dpp IL film on AZ31 was a progressive process. At 
the beginning of the IL treatment, a film deposited on the surface preferentially, mainly 
adjacent to some of the regions next to intermetallic particles. With the time increasing, the IL 
film gradually spread from these reactive regions over the whole surface area.  
The corrosion experiments suggest that after IL treatment, the corrosion performance of Mg 
alloy was enhanced with a significant decrease in the localized pitting corrosion. This 
corrosion phenomenon corresponds to the IL film formation process.  For bare AZ31, severe 
localized pitting corrosion occurs mostly adjacent to the intermetallic particles on the surface 
due to the galvanic potential difference between these particles and Mg matrix. The IL film is 
deposited preferentially around intermetallic particles, which makes the regions around these 
particles less prone to corrosion attack in the solution. Therefore, the sample after IL 
treatment is less sensitive to localized pitting corrosion.  
It thus appears that the IL treatment time plays an important role in controlling the rate and 
morphology of corrosion on AZ31, and the treatment processing conditions are key to 
ensuring an optimum protective film. In this study, 5 hours IL treatment at elevated treatment 
temperature (100°C) was found to provide good corrosion protection for AZ31 in SBF. 
CONCLUSIONS 
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The cytotoxicity of three phosphate-based ILs (P6,6,6,14dpp, [P6.6.614][(
i
C8)2PO2] and P1,4,4,4dpp) 
was tested. Of these three ILs, hydrophilic IL P1,4,4,4 dpp showed promising low toxicity to the 
primary human coronary artery endothelial cell (HCAEC). The formation process of this 
P1,4,4,4 dpp IL film on AZ31 surface at 100°C was evaluated in a three-electrode pipette cell 
arrangement. Comprehensive surface characterizations and corrosion performances were 
further evaluated.  The results indicate that prolonging the treatment to 5 hours would 
significantly increase the resistance of the formed IL surface coating. After 5 hours IL 
treatment, the surface became more passive and chemically homogeneous. Of all samples, 
AZ31 IL treated for 5 hours showed the most promising corrosion performance with the 
lowest corrosion rate and homogeneous corrosion morphology, which corresponds well with 
the surface characterization results. The corrosion performance of AZ31 after 5 hours IL 
treatment was further examined in a flowing SBF, and the result showed that it maintained its 
corrosion protection under hydrodynamic conditions. It seems that the formation of P1,4,4,4dpp 
IL film on AZ31 has proceeded progressively. A film deposited on the surface preferentially, 
mainly adjacent to some of the regions next to intermetallic particles. With the increased 
treatment time, the IL film gradually spread from these reactive regions over the entire 
surface. Therefore, treatment time plays an important role. The time must be long enough to 
form a robust and homogeneous film. Given all these characteristics, this simple chemical 
surface modification using low toxic P1,4,4,4dpp by this treatment method (5 hours at 100°C), 
shows significant promise to further investigate as a surface coating for biodegradable Mg 
based devices. Future objectives include undertaking the cytotoxicity test and in-vivo test on 
this IL-coated sample as well as pursuing new chemistries to reduce the temperature and 
times needed for optimum protection using IL based procedures. 
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Table 1. Ecorr and icorr values of as polished AZ31 and 5 hours IL treated AZ31 after 
immersion in a flowing SBF for 1 hour, obtained by Tafel extrapolation of the PP curves. 
Samples Ecorr (V v.s. SCE) icorr (μA/cm
2
) 
As polished AZ31 -1.3 ± 0.02 13.8 ± 0.4 
5 hours IL treated AZ31 -1.5 ± 0.05 1.4 ± 0.25 
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Figure Captions 
Figure 1. Chemical structure of P6,6,6,14
+
 cation, P1,4,4,4
+
 cation, dpp
-
 anion and  [(
i
C8)2PO2]
-
 
anion. 
Figure 2. Primary human coronary artery endothelial cell (HCAEC) viabilities after 72 hours 
in IL-containing culture media.  
Figure 3. (a) A typical Nyquist plot of EIS obtained during IL treatment in a pipette cell at 
100°C. (b) Simplified EIS equivalent circuit used to fit EIS data, Rs, Rf, Qf are the solution 
resistance, film resistance and constant phase element corresponding to the film, respectively. 
(3) The change of the surface film resistance with respect to the treatment time with the 
dashed vertical line indicating the minimum time required to achieve optimum film resistivity. 
Figure 4. FTIR spectra of neat IL (P1,4,4,4dpp) and IL treated AZ31s with various treatment 
time. 
Figure 5. Typical Raman maps of AZ31 surfaces after (a) 1 hour and (b) 5 hours IL treatment, 
based on the 1076 cm
-1
 band (which corresponds to the symmetric stretch of PO2
-
 in 
(RO)2PO2
-
 (salt). 
Figure 6. FIB-SEM observation of cross-section of the IL film formed on HNO3 acid pickled 
AZ31 after 1 hour IL treatment. 
Figure 7. (a) A typical Nyquist plot of EIS obtained during immersion 5 hours IL treated 
AZ31 in SBF solution at 37°C. (b) Simplified EIS equivalent circuit used to fit EIS data, Rs, 
Rf, Qf, Rt and Cdl are the solution resistance, film resistance, constant phase element 
corresponding to the film, charge transfer resistance and double layer capacitance, 
respectively. (3) The variation of the surface film resistance as a function of immersion time 
for alloy treated with IL for various time. 
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Figure 8. Typical SEM observations of IL treated AZ31 samples after 2 hours immersion in 
100 mL SBF at 37°C. These samples are 10 mins IL treated A31, 1 hour IL treated A31, and 
5 hours IL treated A31, respectively. 
Figure 9. (a) Typical OP observations of AZ31 surfaces after the removal of corrosion 
products. (b) Histogram of pit distributions (the number of pits at different pits depths per 
surface area of 937.5 μm x 1250.0 μm ); the samples are 10 mins IL treated AZ31, 1 hour IL 
treated AZ31, and 5 hours IL treated AZ31, respectively. 
Figure 10. SECM maps obtained at the beginning of exposure to the 100-fold diluted SBF, 
for the as-polished AZ31, 1 hour IL treated AZ31 and 5 hours IL treated AZ31, respectively.  
Figure 11. SECM maps obtained after exposure to SBF for 1 hour, for the as-polished AZ31, 
1 hour IL treated AZ31 and 5 hours IL treated AZ31. 
Figure 12. PP scans of as polished AZ31 and 5 hours IL treated AZ31 after 24 hours 
immersion in a flowing SBF. 
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